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We report Aharonov-Bohm (AB)-type quantum interference in simply-connected devices created at the
LaAlO3/SrTiO3 interface using conductive-atomic force microscope (c-AFM) lithography. The oscillations are
multi-periodic functions of magnetic field strength, and they exhibit a substantial magnetic hysteresis with fre-
quencies that depends on the magnetic sweep direction. The oscillation amplitude for the lowest two frequencies
approaches e2/h, consistent with the theoretical maximum for the AB effect, and harmonics up to third order are
observable. Broadband quasiperiodic behavior is reported in a fraction of simply-connected electron waveguide
devices that exhibit magnetic asymmetries. Curiously, nanoscale ring devices that are multiply-connected lack
signatures of AB quantum interference. The interference phenomena are associated with an inhomogeneous
magnetic landscape within the LaAlO3/SrTiO3 nanostructures.
The Aharonov-Bohm (AB) effect is a quantum-mechanical
interference phenomenon in which electrons couple directly
to the electromagnetic vector potential [1, 2]. The AB effect
is characterized by conductance oscillations that are periodic
in the magnetic flux passing through the loop (Φ0 = B · A =
h/e, where B is the magnetic field and A is the area of the
loop). AB interference contributes to a wide range of meso-
scopic quantum transport phenomena [3], including univer-
sal conductance fluctuations [4] and weak localization/anti-
localization. AB-related effects are distinct from other types
of quantum oscillations, e.g., Shubnikov-de Haas, which is
a precursor to the quantum Hall effect and is not a periodic
function of magnetic field or flux. AB interference oscil-
lations were first reported in the solid state by Webb et al.
[5] and have since been reported for III-V nanostructures [6],
graphene rings [7], and cross sections of carbon nanotubes
[8]. The maximum amplitude of conductance oscillations is
bounded by the conductance quantum G0 = e2/h, but gener-
ally is an order of magnitude, or more, smaller.
The complex-oxide heterostructure LaAlO3/SrTiO3 [9–11]
supports a two-dimensional conductive interface with an un-
usually large cohort of strongly-coupled phases, including su-
perconductivity [12, 13], magnetism [11, 14–18], and fer-
roelasticity [19]. A variety of quantum interference effects
have been observed at oxide interfaces, in particular the
LaAlO3/SrTiO3 system. Weak localization and antilocaliza-
tion have been reported, as well as universal conductance fluc-
tuations in mesoscopic devices [20]. Critical current oscilla-
tions were reported in an LaAlO3/SrTiO3 ring device, signi-
fying superconducting quantum interference device (SQUID)
behavior [21]. The mobility of the 2D LaAlO3/SrTiO3 in-
terface is generally quite modest compared with other well-
investigated systems like modulation-doped GaAs/AlGaAs
[22] or graphene [7]. It is therefore surprising that quasi-
1D channels formed at the LaAlO3/SrTiO3 interface exhibit
highly ballistic transport: Tomczyk et al. have created 1D
cavities that exhibit Fabry-Perot quantum interference [23],
and recent reports by Annadi et al. show evidence for ballistic
mean-free paths of order lMF ∼ 20µm [24].
Here we investigate low-temperature magnetotransport in
three classes of LaAlO3/SrTiO3 nanodevices: (i) 2D Hall
bars, (ii) quasi-1D electron waveguides, and (iii) quasi-1D
rings. All of the devices are created from LaAlO3/SrTiO3 het-
erostructures with 3.4 unit cells of LaAlO3 grown by pulsed
laser deposition on TiO2-terminated SrTiO3 (100) substrates.
Details of growth and processing are described elsewhere
[11]. Conductive nanostructures are created using conductive
atomic-force microscope (c-AFM) lithography (Figure 1(a)).
In this technique, a conductive AFM tip is scanned on the
LaAlO3 surface, depositing positively-charged ions (mostly
H+) [25, 27] that locally switch the LaAlO3/SrTiO3 interface
to a conductive phase. The insulating phase can be restored lo-
cally by changing the sign of the applied voltage to the AFM
tip. Conductive nanostructures are cooled in a dilution refrig-
erator and magnetotransport experiments are performed near
its base temperature, T ∼ 50 mK. The three device geometries
investigated are illustrated in Figure 1(b-d).
We first consider a Hall bar device, illustrated in Figure
1(b). Key dimensions are the channel width w = 250 nm
and length L = 1.5µm. Figure 2(a) shows the four-terminal
conductance measured as a function of the out-of-plane mag-
netic field B. The red trace indicates a magnetic field sweep
(dB/dt = 0.001 T/sec) from 0 to 9 T, while the blue trace in-
dicates the reverse sweep back to 0 T. For the positive field
sweep, the conductance is constant at ∼ 4 e2/h until around 5
T, where oscillations appear that are periodic with respect to
B and grow steadily in amplitude. These oscillations reach
a maximum amplitude around 7 T and subsequently begin
to decrease. The overall conductance decreases to approxi-
mately 1.7 e2/h at the maximum field of 9 T. For the negative
field sweep, the low-frequency oscillations initially begin in-
phase, but begin to deviate at around 8 T. The conductance
increases as the magnetic field strength decreases, and again
there are multi-periodic oscillations. However, the average
conductance trace shows approximately 1 T-wide hysteresis.
As will be discussed below, the frequency of oscillations for
the negative field sweep is systematically lower than for the
upward sweep. A comparison of the magnetic field sweep in
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FIG. 1. Experimental diagram. (a) Schematic of c-AFM lithography
technique. (b) 2D Hall Bar and transport measurement scheme used
for all device geometries. Vs: source bias; Vxx: longitudinal voltage;
i: current; B: out-of-plane magnetic field; w: width of channel; L:
length of channel; (c) 1D Waveguide. LS : spacing between barriers;
LC : length of main channel (d) 1D Ring. wR: diameter of ring.
the range 6.5 to 7 T (Figure 2(a), inset) illustrates how the two
curves fail to align with one another. At fields below 5 T, there
are overall (∼ 5%) changes in the conductance, as can be seen
from differences between the forward and reverse traces in the
range 1 to 4 T.
A Fourier transform of the conductance oscillations (Figure
2(b)) reveals several distinct frequencies. The largest ampli-
tude (over the range 6 to 8 T) is close to e2/h, with a for-
ward (increasing B) frequency of f +1 = 4.3 T
−1, and a reverse
(decreasing B) frequency f −1 = 3.7 T
−1. There is a higher
frequency f +2 = 34 T
−1 in the forward direction, reducing
to f −2 = 31 T
−1 in the reverse direction. These peaks show
strong second harmonic at 2 f +2 and 2 f
−
2 , respectively, and a
faint third harmonic at 3 f +2 . There are other smaller peaks
which only show up for one peak direction and are signifi-
cantly smaller (e.g., at 46 T−1 and 78 T−1).
In order to quantify the amplitude of oscillations over small
B field ranges, we also calculated the peak-to-peak conduc-
tance, Gpp, shown in Figure 2(c-e). The magnetoconductance
is first bandpass-filtered with upper and lower bounds indi-
cated by the shaded regions in Figure 2(b). The peak-to-peak
amplitude is then calculated for the filtered traces. The band-
pass filter ranges for panels (c), (d), and (e) are 2-10 T−1, 20-
40 T−1, and 50-80 T−1, respectively. It is striking to note that
the maximum oscillation amplitude is more than 0.7 e2/h for
the reverse B sweep direction near 7 T.
The next category of device is an electron waveguide. This
class of device has been investigated elsewhere [24] and
shows highly ballistic quantized transport, associated with
subbands that are characterized by well-defined vertical, lat-
eral, and spin degrees of freedom. The subband bottoms are
marked by quantized changes in conductance, by peaks in
the transconductance dG/dVsg, and can also vary with mag-
netic field. Most electron waveguides exhibit transport char-
acteristics with no evidence of AB interference. However, a
small fraction (∼ 10% of devices) exhibit a gate-dependent
magnetic-field asymmetric magneto-conductance and associ-
ated gate-dependent oscillations with magnetic field. Figure
3(a) shows an intensity plot of conductance of one such de-
vice (main channel length LC = 1800 nm, barrier spacing
LS = 1000 nm, main channel width w ∼ 10 nm) as a func-
tion of sidegate voltage Vsg and out-of-plane magnetic field B,
at T = 50 mK. With increasing Vsg, the conductance tran-
sitions from being highly symmetric with B to developing a
significant asymmetric contribution. The symmetrized and
antisymmetrized responses are shown in Figures 3(c) and (d).
The first two curves show negligible asymmetry, but above
Vsg ∼ 20 mV, the asymmetry grows. Figure 3(c) shows evi-
dence of superconductivty near zero magnetic field and high
Vsg. Rapid oscillations with magnetic field are apparent in the
corresponding transconductance map dG/dVsg (Figure 3(e)).
The transconductance shows, in addition to the signatures of
emergent subbands with increasing Vsg, pronounced oscilla-
tions that vary both with B (at fixed Vsg) and with Vsg (at fixed
B). Figure 3(b) illustrates the emergence of conductance os-
cillations and their asymmetry with magnetic field sign. The
magnitude of these oscillations is approximately a factor of
two larger for B < 0 compared with B > 0. The conduc-
tance fluctuations are not periodic, but they are reproducible
for multiple B field sweeps on a given device, and they per-
sist at temperatures where the electron waveguide subband
structure is no longer visible. Figure S1 [26] shows data for
the same waveguide at T = 600 mK: the subband features
are hardly visible, and yet the gate-dependent asymmetry and
conductance fluctuations remain.
The third class of device is a ring structure (Figure 2(d)),
similar to the original design of Webb et al. [5]. The width of
the ring wR is 500 nm, corresponding to an expected frequency
of 47 T−1 (assuming a fundamental flux periodicity h/e). Fig-
ure S2(a) shows magnetoconductance at different back gate
voltages, and Figure S2(b) shows the corresponding Fourier
spectrum for one such device. (Data shown is representative
of more than 20 multiply-connected devices tested.) There is
no evidence for AB quantum interference oscillations as the
magnetic field is varied. More than a dozen similar devices
have been investigated, and none of them exhibit any quan-
tum interference. Also, none of the devices have exhibited
magnetic asymmetries such as those shown in Figure 2.
Here we summarize and discuss the main results. Two cate-
gories of simply-connected nanostructures (2D Hall Bars and
1D Waveguides) exhibit rapid oscillations, which appear to be
associated with AB-derived interference. That is, the oscil-
lations are periodic in B and not 1/B, as would be the case
for Shubinkov-de Haas oscillations. Cheng et al. have ar-
gued elsewhere [28] that the Shubnikov-de Haas oscillations
reported in LaAlO3/SrTiO3 by other groups [29, 30] are in fact
explainable in terms of magnetic depopulation of magneto-
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FIG. 2. 2D Hall Bar. (a) Magnetoconductance G shown as a function of increasing (decreasing) magnetic field B, indicated by red (blue)
curves. Sweep rate is 10 Oe/s. Inset shows multiperiodic oscillations in the magnetic field range 6.5 - 7 T. (b) Corresponding power spectra for
increasing (decreasing) field sweeps. (c)-(e) The peak-peak amplitude of conductance (Gpp) after performing a bandpass filter in the ranges
indicated by shaded regions shown in panel (b): 2-10 T−1 (c), 20-40 T−1 (d), and 50-80 T−1 (e). A = 0.375µm2 leads to an expected period of
90 T−1.
electric subbands. The data we present is consistent with this
interpretation. Both structures exhibit either magnetic hys-
teresis or significant gate-tunable magnetic asymmetries. The
multiply-connected ring structure shows no signature of AB
oscillations. One remarkable aspect of the AB interference in
the Hall bar structure is the magnitude of the oscillations. The
peak-to-peak amplitude of the f1 oscillation reaches nearly
0.8 e2/h, which is close to the theoretical maximum. The
higher frequency f2 shows a magnitude that is nearly as large.
In addition, there is a sizeable second harmonic (h/2e peri-
odic) response and even a faint third-harmonic response (h/3e
periodic). Specifically, we find a correlation between the AB
oscillation amplitude and the average value of the conduc-
tance (which is comparable to the conductance quantum.) We
can infer the phase coherence of the paths that would lead to
AB interference by examining the amplitude of the AB inter-
ference amplitude (∼ 0.3 e2/h) and estimating the minimum
perimeter that can give rise to an interference effect with area
A = 1.41µm2. A straightforward analysis yields a phase co-
herence length of 0.7µm, which is significantly larger than
what one expects from a 2D mobility of ∼ 103 cm2/Vs.
The fact that AB interference is observed in an open Hall
bar structure indicates that the current flow within is both
highly ballistic and highly filamentary. The four-terminal con-
ductance (in the 2-4 e2/h range) provides a quantitative esti-
mate of the number of active channels. The fact that the AB
oscillation magnitude is as large (of order e2/h) as the con-
ductance is decreasing indicates that there is an inhomoge-
neous landscape and there is an energy-dependent beamsplit-
ter for exactly one mode of propagation for the electrons. Both
paths of the interferometer must be highly ballistic for inter-
ference to be so clean. Below 105 K there is a ferroelastic
symmetry breaking in SrTiO3 that leads to extended line de-
fects at the LaAlO3/SrTiO3 interface [19, 31]. Frenkel et al
[32] have shown that current can travel preferentially along
these naturally occurring ferroelastic domain boundaries. A
random configuration of domain boundaries within the Hall
bar may lead to AB interference being observed in some de-
vices but not others. We also note that the c-AFM lithogra-
phy process can seed z-oriented ferroelastic domains, which
also could lead to filamentary conduction, however the pre-
cise domain configuration is unknown and will be the subject
of future studies.
We note a qualitative similarity with simulations of AB os-
cillations for a graphene-based ring device by Dauber et al.
[33]. Two requirements are needed to exhibit interference: (i)
the chemical potential and magnetic field need to be tuned to
a region where there is magnetic depopulation, and (ii) there
needs to be an inhomogeneous region at either the inlet or
the outlet of the device to serve as the beam splitter. Dauber
observes two distinct AB frequencies: a low frequency cor-
responding to orbital motion around the inhomogeneous re-
gion, and a higher frequency corresponding to the larger ring
area. Following this interpretation (and setting aside all of the
other obvious differences between the two material systems),
we surmise that the low frequency represents the area defined
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FIG. 3. 1D Electron waveguide. (a) ConductanceG vs magnetic field
B and side gate Vsg. (b) Transconductance dG/dVsg showing inter-
ference effects. (c) Symmetric and (d) antisymmetric components of
s of conductance for various values of Vsg. (e) Transconductance of
various values of Vsg. T = 50 mK.
by the beamsplitting region, while the higher frequency cor-
responds to the area that defines the two paths within the Hall
bar channel. The rise and fall of both frequencies together
suggest that the transport is correlated. The existence of mag-
netism in this device (but not in most others) indicates that
there are magnetic patches, similar to those that have been
imaged by scanning SQUID microscopy [18]. The intersec-
tion of a magnetic patch with the Hall bar would be consistent
with both the hysteretic magnetoresistance and the difference
in AB frequencies for positive and negative sweep directions,
as observed in metallic rings by Sekiguchi et al [34]. The ex-
istence of the local magnetization could strongly spin split the
electron subbands, possibly leading to a quantum anomalous
Hall regime [24, 35] with associated ballistic transport and
long-range interference effects.
While the electron waveguide device is significantly nar-
rower than the Hall bar device, magnetic asymmetries are
again correlated with the interference effects. The interference
is stable at much higher temperatures than those for which the
subband structure is visible, again indicating that the magnetic
landscape is dominating over the waveguide itself. Here, in-
stead of having a single or small number of distinct frequen-
cies, the magnetic response is consistent with universal con-
ductance fluctuations. The bandwidth (∆T−1) of these fluc-
tuations is bounded by the area of the electron waveguide,
including all of the available transverse modes of the waveg-
uide. Many such devices have been investigated elsewhere
[24], and most do not exhibit universal conductance fluctua-
tions. The only devices that show UCF also exhibit some kind
of magnetic anisotropy, again indicating that magnetic scat-
tering plays an important role in creating multiple paths for
quantum interference effects.
Finally, we discuss the absence of quantum interference in
the ring device. The device itself does not show evidence of
magnetic hysteresis or asymmetry. More than twenty other
devices with multiply-connected geometries have been inves-
tigated, none of which exhibit signatures of AB interference.
However, it is still surprising, given that AB interference can
be observed in this material system, that a multiply-connected
device would not exhibit any interference effects. There is
one significant difference between the two devices that show
AB interference and the ring structure: both are simply con-
nected devices. That is to say, the region separating the two
paths for the electron is conducting. Therefore, the electrons
themselves are subject to short-range screening, preventing
the electron travelling along one path from seeing or sens-
ing the other path. The ring geometry consists of two paths
that are separated by a highly polarizable SrTiO3 medium.
The Thomas-Fermi screening length in LaAlO3/SrTiO3 can be
large in the insulating SrTiO3. However, within the conduct-
ing SrTiO3 itself, the screening should be highly effective. If
we consider the electron traveling along one of the two paths,
there will be a sizeable dielectric response that could provide
which-path information, and associated decoherence.
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tance dG/dVsg showing interference effects. (c) Symmetric and (d) antisymmetric components of conductance for various values of Vsg. (e)
Transconductance of various values of Vsg. T = 600 mK.ar
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FIG. S2. 1D Ring. (a) Conductance versus magnetic field at several values of the back gate VBG. (b) Corresponding power spectra. A = piw2R =
0.25µm2, which has an expected oscillation period of 47 T−1.
